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1.. INTRODUCTION 
1.1 Introductory Remarks 
To design a structure properly, an engineer must know how the 
,structure will respond to the loads for which the structure is intended" 
,; 
'When the load is static, the response relationship for the structure can 
be obtained by use of various elastic and plastic theories which relat~ 
loads and deformations. However, if' the load is dynamic, the resistance 
to be used in determining the response of the structure is questionable 
and apparently varies from the static resistance to a value about 5CY{o 
greater than the static resistance. 
The investigation reported herein is concerned with the dynamic 
response of a relatively simple structure, a pin-ended beam-column.. It 
is felt that in order to understand the behavior of' complicated structures 
the fundamentai behavior of' the components must first be known .. 
1.2 Object and Scope 
The objective of this investigation was to evaluate the dynamic 
resistance of beam-columns subjected to lateral dynamic loads .. 
The investigation was performed by testing four beam-columns in 
a drop test machine 0 Two of the beams were tested in the strong direction 
of resistance while the other two were tested in the weak direction of 
resistance. Each test was performed by varying the heights of drop in an 
increasing manner. This permitted a study o~ the dynamic resistance of 
the beam-column with respect to variations of' energy input.' 
... 1-
2. 
A constant axial load together with the dynamic lateral load 
. ras used in tests of two beam-columns, one oriented in the strong direction 
)f resistance and the other in the weak direction of resistanceo 
'1.3 Notation 
The following notation has been used in this report~ 
Cross Sectional Constants 
A = the area of the cross-section 
Ac = the area of the cross-section in compression 
At = the area of the cross-section in tension 
dA = an element of area 
b = the width of flange 
c = the half depth of cross-section 
f = the flange thickness 
w = the web thickness 
y = the distance fram the centroidal axis of the specimen to 
the element of area 
~ = moment of inertia about the centerline of the cross-section 
in the strong direction 
~ = moment of inertia about the centerline of the cross-section 
in the weak direction 
Loads 
T = the axiru. load 
P = resistance load of structure 
Pd = applied dynamic load 
M = total bending moment on section 
Stresses 
cr = unit compressive or tensile stress on any fiber 
cr = static yield stress of the material 
e 
a = yield stress y \ 
E = modulus of elasticity 
strains 
t = totaJ. strain on aIIy fibers 
€e = yield strain of the material 
tsb. = strain at which strain hardening begins 
Deflections 
~ = static deflection 
~ = dynamic deflection 
A = static yield deflection e 
6. = initial permanent set deflection l. 
~ = maximum test deflection 
~ = total maximum test deflection 
W = deflection at ~ point X along the begm 
Lengths 
L = length of member 
X = distance along beam. 
Energies 
IA = actuaJ. energy input due to la teraJ. load 
:IT = energy input as obtained from theoretical 
resistance curve 
lcr = critical value of energy input 
static 
4. 
1 .. 4 ~ of' Investigation 
The invest igat ion- consisted o:f'- t"esting-j in a- drop test 
machine, four pin-ended beams with an effective span of' 80 in. The 
b"eams were fabricated from 4 M 1300 rolled sections which were 
norma:t.ized to obtain uniform material propert-ies. One pair of' the 
specimens was tested in the ,strong direction while the other pair was 
tested in the weak direction. One specimen in each group was subj ected 
'" 
to a. constant axial load in addition to the dynamiC lateral load 0 
A test consisted of several drops of a 500 lbo weight from increasing 
heights so as to vary the energy input. For each test,. lateral load, 
deflected shape, strains and axial load, if' present, were recorded as 
functions of time on magnetic osc illographs 0 
The test results showed plainlY that increasing the height 
of drop increased the duration of' the load, the amplitude of the load 
and the maximum deflection of' the specimen. The results also indicate 
that, as noted in previous static tests, (1)* the axial load had a much 
greater influence in reducing the stiffness of the specimen tested 
in the weak. direction than when tested in the strong direction. In 
general, the axial load did not appre"ciably effect the resistance of' 
the strong direction specimen when the center deflection was less than 
·three times the static yield def'lection. However, when the deflection 
was greater than this the resistance of the axially loaded specimen 
* Numbers in parenthesis refer to corresponding numbered entries in the 
Bibliography at the .end of the report. ' 
J 
I 
i 
I 
I 
5· 
was considerably less than the resistance of the specimen without axial I I . load. 
~ affected by the axial load when the deflection exceeded the static 
With the weak direction specimens the load resistance was greatly 
I 
~ yield deflection. 
The theoretical static resistance curves were determined so 
that a comparison could be drawn between them and the dynamic test 
results. The determination of the theoretical static resistance curves 
was based on an idealized average stress strain curve.. From this 
idealized stress-strain relationship and elementary mechanics the moment-
flexural strain curves and the theoretical static load-deflection curves 
were obtained. The methods used to determine these relationships are 
presented in section 4. 
The dynamic load had the effect of raising the yield stress 
level. of t.he specimens tested in the strong direction. The amount the 
yield stress level was raised varied directly with the energy input or 
height. of"":· drop • With the weak direction spec imens the dynamic effect 
waS only apparent when the weight was dropped from a height of 48 in. 
It is:' bel.-ieved that the reason the dynamic effect was not noticed in the 
smaller heights of drop is the fact that the initial slope of the 
dynamie"resistance curve was probably much less than the initial slope 
of the theoretical static resistance curve. (1) Therefore, the dynamic 
increase in resistance would not be revealed by energy considerations 
alone. When axial load was present the dynamic resistance curve was 
of a decaying nature for both strong and weak direction specimens. 
However, the rate of decay was greater for the weak direction specimen. 
6. 
2. TEST SPFCIMENS AND APPARATUS 
2.1 Material Used 
Four pin-ended beams were tested during this investigation. 
The specimens were 4 M l3~O sections of A-7 steel that had peen 
normalized to obtain uniform stress-strain characteristics throughout 
the eross-section of each specimeno 
2.2 ]ientification System 
Each specimen was marked for identification. The identification 
mark served for positive identification and also to specify the t,ype of 
test performed. The identification marks used and their meaning with 
regard to the type of test performed are as follows: 
4oXD4M - dynamically loaded in the strong direction9 
no thrust 
41XD4M - dynamically loaded in the strong direction; 
thrust present 
4oYD4M - dyn8mically loaded in the weak direction; 
no thrust 
41YD4M _. dsnamically loaded in the weak direction; 
axial load present 
~.3 Section Properties 
Section properties of the specimen can be found in an AI5C 
Handbook(2) but for convenience are summarized in Table 1 along with 
the values obtained by assuming the web and flange to be of constant 
thickness for ease in analysis. 
f 
12.4 Fabrication 
, 
I Each specimen was obtained from a length of beam equal to 
! 
. approximately 90 in. From the center 10 ino portion of this 90 in. 
length, coupons were cut in order to obtain the mechanical properties 
of the sectiono Eight standard AoSoToMo(3) 0.5 x 0025 tension coupons 
. with a 2 in. gage l~ngth were sawe.d .from each 10 in. sec.tion. and tested 
staticaJ.ly according to AoSoToMo Specifications, (3) to obtain their 
stress-strain relationshipo Since the results for the four sections 
were quite similar, as shown in Table 2, an average stress-strain curve 
for all of the specimens was used" For computational purposes the strain 
hardening portion of the stress-strain relationship, as can be seen in 
Fig. 1, has been linearizedo 
The two 40 ino lengths of beam were welded together to form the 
specimen 0 A stub formed from a 10 I 2504 was welded to the center of the 
beam,as shown in Figo 2, for the purposes of transmitting lateral load 
tQ the specimen and to simulate the conditions of a floor system framing 
into a :column. This welded connection is probably stiffer than would be 
encountered in actual practice but was used to insure that failure occurred 
in the' member and not in the connection. 
Bearing blocks were welded on each end of the spec:iJnen as can 
be seen in Fig. 3, to provide a pin-ended support when connected to the 
end reaction system. The specimen was supported in the end reaction 
system: by means of two 2-1/2 ino diameter steel pins about which the 
specimen rotated" Needle bearings were used at the supports so that the 
friction encountered during rotation would be reduced to a min~o 
Mo~z Del~ R 
'" v .:..~--arence oom C 1 \]11 "1:"1.,.., croi • 
- -- ~l"'b..Lneerlng Department' 
Bl06 C.E. Building 
'~1VP~Ri+v n~ T"~ __ ~_ 
I 
I 
i 
I 
f 8. 
. Each pin was held by two 1 in. x 9 in.. steel plates, as can 
I 
I 
, be- seen in Figs. 4 and 5, which are free to translate when the dynamic 
load is applied,,·· The translation is made possible by mounting the end 
plates with a nest of fourteen 1/4 ina diameter rollers placed on the 
top and bottom of each plate.. The nests of rollers, in turn, ride in 
steel slots provided in the base plate and in the uplif't restraint 
device which can be seen in Figo 6. 
2 .. 5 Testing Apparatus 
The apparatus used to test the two pin-ended specimens without 
, axial load was a drop test machine which dropped a 500 Ib 0 weight a 
I . preset height. A dynamometer placed between the specimen and the 500 lb. 
weight was used to measure the lateral load 0 
The tests with axial load required, in addition to the drop 
I test machine, a hydraulic jack, and a spring and tie rod systemo 
The hydraulic jack was.placed between one end of the specimen 
and the nU'" frame of the tie rod system, as shown in Fig.. 7. The nun 
frame was constructed so that when the jack was in place the assembly 
would be in balance about the support pino The axiaJ. load was a,P,Plied 
to the specimen through the reaction system shown in Fig. 8. 
A spring was placed between the other end of the specimen and 
the nun frame, as shown in Fig. 90 This "'Un frame also was constructed 
. so that its balance point , with the spring in place, would be approximately 
at the support pin" The spring's purpose was to provide added flexibility 
.. , 
to the tie rod. system and maintain the axial load at a fairly constant 
level during the test. The springts reaction was transmitted to the 
specimen by means of the reaction system shown in Fig. 100 
The tie rod system included two tie rods, one on each side 
of the beam, which tied the two nUn frames together as can be seen 
in Fig. ll.. A dynamometer, placed in each of the tie rods as shown 
in Fig. 12., permitted the determination of axial 10000 
2.6 Instrumentation 
In these tests the deflections, applied lateral load, axial. 
load, when present, and the maximum fiber stra.ins at various sections 
along the length of the beam were recorded as functions of time on 
magnetic oscillographs. A diagram of the load. and strain recording 
system is shown in Fig. 130 The lateral. load. dynamometer was an 
axially":loaded steel cylinder in which the load was measured by means 
of an SR-4 strain indicating bridge located near the end of the tube 0 
The effective strain obtained from the bridge output was related to 
the load on the dynamometer by means of static load cal.ibrations in 
which a relattonship between static load and the effective strain, as 
measured by bridge output, was determined 0 This procedure and equipment 
had been developed in a previous stUdy.(4) 
The maximum fiber strains were measured at five locations along 
the length of the beam.. These locations were 2-1/2 in .. , 5 iD. .. , 7-1/2 ino, 
10 ino and 15 in. from the loading stub 0 At each location, for specimens 
tested in the strong direction, there were two st~ain gages, one on top 
of' the beam and the other on the bottom of the beamo These two gages 
100 
formed the two active arms of a four ar.m bridge whose output was proportional 
to the flexural strain. Flexural strain by definition is the average of' 
the absolute values of compressive and tensile strain at the extreme fibers 
of the cross sectiono 
At each location, f'or specimens tested in the weak direction, 
there were four strain gages, two on the top of the beam and two on the 
bottom of the beamo These four gages formed the four active arms of a 
four ~ bridge whose output was proportional to the flexural straino 
Deflections were measured at the center and quarter points for 
all specimens tested in the strong direction and at the center and three 
eights points for all specimens tested in the weak dlrectiono Slide wire 
gages as shown in Figo 14, were used to measure the deflections 0 The 
complete deflection recording system is shown schematica.lly in Fig.. 150 
The specimens with axiaJ. load had the same instrumentation as 
the ones without axial load plus two channels for recording the variation 
m the· axial-·loado The axial load dynamometers are steel rods in which 
tlae load is measured by means of an ~-4 strain gage bridge on the rods .. 
!he effective strain obtained from the bridge output was related to the 
-loa.d on the dynamometer by means of static load calibrations in which 
a relationship between the static load and the effective strain, as 
D,easured by bridge output, was determinedo 
For all of the tests in interlocking timing system was used 
provide a constant zero for the time scales and is shown diagramatica.lly 
16. A time signal (400 cps or 500 cps) was recorded by one 
ter in each oscillograph and the interlock was provided by a 
driven at synchronous speed which provided steps in the time trace. 
11. 
Since the highest frequency appearing prominently in the test 
records was approx~tely l50 cps, about one-h.a.1f' of the upper frequency 
limit of the recording equipment, it is believed that the test records 
obtained are essentia.1l.y correct. Errors, in the finaJ. reduced test data 
or the possible percentage variations of this data from the measured 
.max:i.mUm magnitude, result from reading and calibration of" the various 
records. Repeated static calibrations of the load and deflection 
measuring instruments have indicated that the error in the static 
calibrations is probably less than 0.2 per cent of the load. or deflection .. 
~ major source of error in the final results is probably associated 
with the measurement of the test records. For most of the traces obtained 
in these tests the reading errors in the load and deflection probably 
range from plus or minus 0 .. 5 to 1 per cent of the maximum reported 
values. The smaller values correspond to the tests in which the deflections 
'and loads were large and the larger errors are associat'ed with the low 
e.nergy input tests where the loads and deflections produced only small 
~race deflections.. Since the loads and deflections were combined in the 
cOlU!?utation of the energy inputs the reported energy inputs may be from 
~,~O to' 2 per- cent in error depending, as before, on the magnitude of the 
and deflectionso 
Test Procedure 
The actual testing, whether axial load was present or not, was 
~""'~ • .&. .... ;;).u.'I;;u. by dropping the 500 lb. weight from increasing preset heights. 
done to deter.mine the effect of different energy inputs on the 
e of the specimens. 
12. 
Before an actual test was made all circuits were checked and 
c-aJ.ibrations were run.. Calibration of' the lateral load, axial l.oad 
and strain gage bridges consisted of shunting a known resistanc.e across 
one arm of the bridge and actually obtaining a change in bridge output 
which was photographed on a s.ection 0.1' the test record.. Each shunting 
produced a different value of trace deflection which corresponded to 
. a. known value of' load or strain.. The def'lection gages were calibrated 
by changing the bridge output to·produce a trace deflection on the 
oscillograph record. The trace def'lection was then related to the change 
in bridge output produced by a known static def'lection. 
Bef'ore and after each drop was made the traces were identifieQ 
according to position on the record. This was done to insure that eac.h 
trace could be identified when the data were reduced 0 
The oscillographs were turned on an instant before the weight 
was dropped and continued running until the weight had rebounded several· 
times. However, only the record pertaining to the initial drop· of the 
weight was usedo 
When axial load was present J a load of' 35 kips was jacked on 
:" before the calibrations were run. The magnitude of' the thrust was obtained 
·b,.. means of a portable strain indicator connected to the axial load 
Qfnamometers.. During the dynamic test the change in the axial load was 
30 TEST BESULTS 
The test, results of this investigation were interpreted in terms 
of the relationship between the maximum deflections and the energy input. 
~s method of interpreting the test data provides at least qualitative 
if not quantitative comparisons between the static and dyngmic resistances 
" 
of the beam-columns~ 
;01 Specimens 4OXD4M and 4lXD4M (Strong Direction) 
Both specimens were tested by dropping the weight the same 
pre-determined heights 0 From the load-time curves and deflection-time 
curves of both specimens, as shown in Figs. 17 through 24, it can be seen 
tbat an increase in drop height produced an increase in amplitude and 
duration of lateral load and maximum deflectiono 
Comparing the test results by use of Table 3 and Figs 0 17 through 
24 one can see that in the small deflection range approximately from 0 to 
:; times the elastic limit deflection, the response of the specimen, 
whether axiaJ. load was present or not, was essentially the same 0 This was 
concluded by observing that for the first two drops the maximwn. ddlections 
were almost equal and the 'load-time curves and deflection time curves 
were almost identica1.~ Since the energy input is approximately fixed by 
h.~ight of drop, Figo 25 was plotted to show the maximum center deflection 
'af the beams as a function of' energy input 0 This figure reaffirms the 
·c,<: 
previous conclusion about relatively small deflectionso 
01:' 
r 
l4 .. 
It also can be seen in Fig" 25 that, for the specimen with axial 
load, the rate of change of energy in:put with res:pect to center deflection 
bec~es smaller with increasing values of center deflection. This means 
that the lateral load or resistance decreases slightly with increasing 
~alues of center deflection 0 
The figure also shows that the resistance of the specimen 
without axiaJ. load. increases with increasing values of center deflection 0 
The increase in resistance function is caused by the presence of strain 
hardening. 
3.2 Specimens 4oYD4M and 41YD4M (Weak. Direction) 
There were four dro:ps made on the specimen without axial load. 
-()nly the first two dro:ps could be made on the s:pec imen with axial load 
because the beam-column was on the verge of' collapse after the 12 inc 
drop. 'fb.e highest ~op on the s:pecimen without axial load was 48 in" 
!nis drop did not produce a failure in the membero 
From the load-time relationships and the deflection-time 
relationships, as shown in Figs. 27 through 30, and as previously noted 
in the strong direction tests, an increase in drop height produced an 
mer-ease in duration of load, amplitude of load and maximum deflection. 
For each drop the energy input by the lateral load was obtained 0 
!he vaJ.ues of energy input and the maximum displacement for each drop 
can be seen in Table 4.. From the values given in Table 4, Fig" 26 was 
obtained by plotting energy input vs" maximum center deflection for the 
15· 
beam with axial load and the-beam without axial load. From the figure 
one can conclude that the dynamic resistance function is approximately 
the same whether axial load is present or not. up to a displacement of 
about the static yield ·deflection. As the center deflection increases 
.1 the curves rapidJ.y diverge.. Following the reasoning used previously, 
this decreasing slope of the energy curve indicates the manner in which 
the resistance ~ the specimen with axial load decayed. A comparison 
of the rates of change of energy input for axia.J.1y loaded specimens 
indicates when axial load. is present the dynamic resistance of the 
specimen in the weak. direction decays at a much greater rate than the 
~c resistance of the specimen in the strong direction. 
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1.6 .. 
4.. DETERMINATION OF .APPROXIMATE STATIC RESPONSE 
The fundamentaJ. problem of the investigation is the corre1.ation 
static resistance with the dynamic resistance of the specimen. 
this section some approximate procedures will be presented for the 
etermination of the static resistance of the beams whether axial load 
is present or not .. 
In general, before the static resistance can be determined a 
oment-flexural strain or moment-curvature relationship must be known. 
It .. 1 Specimens Loaded in the Strong and Weak Directions; No AxiaJ. Load 
The moment-extreme fiber strain relationship was determined 
using the average-idealized stress-strain curve shown in Fig.. 1 and the 
equation: 
where: 
A is 
dA is 
y is 
to 
r:J is 
M=J oydA 
A 
the area of the cross section of the spec~en 
an element of area in the cross section of the specimen 
the distance from the centroidaJ. axis of the specimen 
the element of area 
the unit stress acting on the element of area 
The determination of a point on the moment-flexural strain curve 
. {:was obtained by first choosing a value of' flexural strain. Then the 
I, a.verage stress-strain curve was used to determine the stress distribution 
,~ross the specimen cross.-section.. The above equation integrated 
numerically then yields the moment at the chosen value of flexural strain. 
:The same procedure was followed for enough points so that a curve could 
be drawn that would represent the relationship between moment and flexural 
strain.. The theoret.ical moment .. flexural strain curves for 4OXD4M and 
. 4OYD4M are shown in Figs. 31 and 32. 
The static resistance was determined from the moment-flexural 
strain curve and the theory of small deflections. Using the theory of 
'small deflections one can write the following differential equation: 
€ is the extreme fiber strain 
c is one-half of the depth of the specimen cross section 
x is the coordinate along the length of the beam 
w is the deflection 
From the moment-flexural strain curve and using numerical 
roc:ea'~E~S (5) or moment area theorems, the differential equation was 
. ved for various values of maximum moment or maximum lateral load. 
solution of the differential equation for a specified lateral load 
is a point on the theoretical static resistance curve. The 
static resistance curves for 4oXD4M and 4oYD4M can be seen 
• 33 and 34 .. 
18. 
4 .. 2 Specimen Loaded in the strong Direction; Axial Load Present 
When an axial load is combined with the lateral load it is 
somewhat more difficuJ.t to obtain the moment-extreme .fiber strain relation-
ship.. This relationship was obtained by use o.f the average idealized 
.. stress-strain curve and the equations: 
where: 
M=JaydA 
A 
Ac is the area of the cross-section in compression 
At is the area of the cross-section in tension 
T is the axial. load 
A point on the moment-flexural strain curve was obtained by 
. choosing a value o.f extreme fiber strain at one extreme edge and 
varying the extreme .fiber strain at the other edge until the equation, 
. = f C1 dA - J C1 dA was satisfied. With this strain distribution, the 
... Ac ~ 
was computed using the procedure outlined in the previous section .. 
value of· the flexural strain that was plotted with the moment was 
average value of strain at the edges of the cross-section. 
In order to obtain an approximate, theoretical. static resistance 
,.assumption was made as to the ~.flected shape of the s-pec:imen with 
It was assumed that the deflected shape of the 
19. 
specimen with a lateral load, computed on the basis of the moment-
flexuraJ. strain relationship which took account of the axial load, was 
identical to the actual deflected shape of the specimen with a combined 
lateral. and axial load. 
From the moment-flexural strain relationship for a given value 
2 
. of thrust, and the differential equation d ; = (.:!: e/c)T=T ' a value of 
dx 1 
deflection, Wl , was obtained for an assumed moment diagram with the 
moment at midspan equaJ. to ~.. This is shown. in Fig. 3 5as curve C10 
The assumed moment diagram had the same shape as the moment diagram 
for a simply supported beam with a concentrated load at midspan. 
The assumption was then made that when an axial and lateral. 
load acted simultaneously to produce a deflection, Wl , the moment at 
. midspan would be equal to ~. Therefore the moment due to lateral load 
only (curve Cl - C2 of Fig. 35), MLl' is the difference betweenp~and 
the quantity, T1 W1 , represented by C2 in Fig. 350 Since ~ = -¥- ' 
.where L is the length of the beam, the. lateral load at a deflection of 
4 4 WI with an axial. load Tl acting, is ...... L (~ - Tl Wl ) or L (MLl)· 
The above procedure yields one point on the resistance curve 
when axial load is pr~sent.. The theoretical. resistance curves for 
specimen 41XD4M can be seen in Fig. 33. 
20. 
Specimen Loaded in the Weak Direction; Axial Load Present 
Since the axial loads that were used in this investigation 
do not appreciably change the position of the neutral axis from the 
centroidal axis; the moment-flexural strain curve, as M.mz ( 6) has 
shown, is for all practical purposes the same whether axial load is 
present or not. 
Therefore, using the same assumptions and procedures that 
" were used for the specimen in the strong direction, the theoretical 
static resistance shown in Fig. 34 was obtained for a specimen- with 
axial load. 
5.. CORRELATION OF TEST BESULTS WITH THE THEORETICAL 
STATIC RESPONSES 
A correlation of the dynamic resistances with the theoretical 
static resistance of the beams was obtained by comparing actual energy 
inPut 'j.ith the strain energy as predicted by the theoretical static 
resis~ance curve.. The strain energy for a given value of deflection, 
WI' by definition is the area under the load-deflection relationship 
from zero deflection to the deflection Wlo 
The energy comparison is only valid at the time of maximum 
displacement when the kinetic energy is zero. This means that at the 
time of maximum displacement the energy input must equal the strain energy 
if energy losses are small in comparison with the total energy input .. 
5.1 Specimen 4oxn4M 
The actual energy input was greater than the theoretical static 
strain energy for every drop except the first one. The difference in 
behavior in the first drop could be because of the low energy input, and 
t-cr stress concentrations and residual stresses which would tend. to make 
the initial slope of the actual resistance curve less than the initiaJ. 
slope of the theoretical static resistance curve .. (l) 
With the other drops the theoretical static resistance was 
',raiSed by using higher values of yield stress to produce response curves, 
as shown in Fig .. 33, which provide a strain energy equal to the ~rgy 
illput' .. · "The raised response curves are assumed to be flat after yielding 
and until they reached the original theoretical static response curve 
( 
:. 
in the strain hardening region 0 The validity of the assumed shape of 
the resistance function is clearly shown by Wilkinson t s(7) test resultso 
Table 5 demonstrates that the amount the yield stress of the theoretical 
static resistance curve had to be raised to have the computed strain 
energy equal to the energy input increased with an increase in height 
of drop. 
The dynamic resistance c'an also be correlated with the 
theoretical static resistance in terms of deflectionso In this 
comparison, a value ~f ~ is determined by integrating the area under 
the theoretical static resistance curve, such that the theoretical 
static strain energy :tsmade equal to the actual energy input. The 
value of As thus determined was always greater than the maximum dynamic 
displacement, ~ ob"tained - in the tests. From this procedure, the 
curves shown in Fig~ 36 were obtained. These curves represent the 
correlation of test results with the theoretical static relationships 
for aJ.1 the drOlls except the first one. The two curves show also the 
effect of neglecting the permanent set, which increased after each 
drop due to inelastic damage, on the relationship between energy input 
and VL1S" If the permanent set is neglected, the dynamic resistance 
of the spec imen appears to be greater than it actually is" 
This figure shows also that the deflection produced by the 
~ic energy input was always less than the deflection to be expected 
from static energy input.. In other words, a beam's capacity for energy 
absorption becomes greater under dynamic loadso 
502 Spec imen 41XD4M 
From a comparison of the actual energy input with the strain 
energy- computed from the theoretical static resistance curve, as sho'WD. 
in Tab~e 6, it can be seen that the actual energy input was alws\ys 
greater than the strain energy. From this observation it can be 
concluded that for a dynamic lateral load the yie~d stress is apparently 
greater than the static yield stresso 
The input energies from the dynamic lateral loads were 
approximately the same for the specimen with axial load" 41XD4M, as 
they were for 4oxn4M since the heights of drop were approx:ima.teJ.y the 
same for each specimen.. However, in c¢.dition to the energy from the 
lateral load, the 'axial load also supplied energy. This energy supplied 
by the axia:.l load was in aJ.l cases equal to approximately twenty .per cent 
of the total energy' input. Thus, a difference in behavior might be 
expected in the two' testso However, by comparing the test results of 
specimens 4OXD4M and 41XD4M, it was observed that· resistances of the 
specimens were approxtmately the same as long as the deflection did not 
exceed approximately three times the static yield deflection. For the 
specimen without axial load, 4Oxn4M, it ·was found that the yield stress 
level varied with energy input.. It would seem, therefore, that the 
increase in yield stress level depends upon the energy input provided 
by the dynamic lateral load and that the presence of the axial load 
does not have an appreciable effect on the yield stress levelo 
As noted earlier for each test of specimen 4oXD4M a yield stress 
level was determined to provide agreement between the theoretical and 
measured energy input. These yield stress levels were then used for the 
corresponding heights of drop on specimen 4IXD4M to obtain an upper bound 
of the load-deflection relationship for 4lXD4M by the method described in 
section 4. This upper bound curve is represented by C5 in Fig., 37., 
When the deflections become large, as indicated by test results, 
the resistance decays. Just how the resistance decays is not completely 
understood but a lower bound of the resistance curve should be the 
theoreticaJ. static resistance curve <> Since, for large deflections, the 
specimen is subjec~ed to strain hardening which eliminates the increase 
in resistance brought about by the dynamic load., (8) 
An attempt to obtain the qualitative shape of the resistance 
function for the specimen with axiaJ. load is shown in Fig., 370 The 
initial portion of this resistance curve is approximately the same as it 
would be for a beam without axial load as long as the de.flections do not 
exceed three times the static yield deflection., The general shape of the 
decaying portion of the resistance curve was obtained by trial and erroro 
The method consisted of assuming a general shape of resistance function 
and then checking to see if the strain energy as predicted by the 
assumed shape would equaJ. the energy input., However, :further study ils 
required before more definite and complete information on the nature 
of the dynamic resistance can be presented~ 
25· 
5~3 specimen 4OYD4M 
Specimens-tested in the weak direction, as observed by MUnz(6), 
are sensitive to stress concentrations and residual stresseso This 
would seem to explain why the actual energy inputs for the first three 
drops are less than those obtained by use of the theoretical static 
response. In the last drop the energy input was larger than the strain 
energy as determined from the theoretical static response curveo By 
raising the yield stress for the theoretical response curve, as previously 
mentioned, the strain energy can be made equal to the actual energy input 0 
Table 7 compares the actual energy inputs for each drop with the strain 
energy obtained by the use of the theoretical static resistance curve 
. with increased values of' the yield stress 0 
5.4 Specimen 41YD4M 
Comparing the actual energy inputs for specimen 41YD4.m with 
the values obtained from the theoretical static response one fipds that 
the actual inputs were always less than those obtained by using the 
theoretical static response. These differences could be.due to stress 
concentrations and residual stresses which are thought to play an 
:important part in determining the initial slope of' the response curveo 
From Table 8, which summarizes the comparison between the test results 
and theory, an estimated qualitative resistance curve was drawn and is 
shown in Figo 380 
) 
6. SUMMARY AND CONCLUSIONS 
From the test results and the theoretical static response 
curves the following statements can be made concerning the specimens 
tested dynamically in the strong direction: 
10 The yield stress level was found to increase with an 
increase in energy input. 
20 The axial load had very little effect on the response 
of the specimen in the small deflection range from 
approximately zero to three times the static yield 
deflectiono For larger deflections the axial load 
had the effect of causing the response to decay toward 
the theoretical static response curveo 
30 Further investigation is required to determine the 
resisting function more completelyo 
'file following statements, which are based on the test results 
and the- theoretical static curves, can be made about the spec:imens tested 
d.ylmm:i.cally in the weak direction g 
10 The dynamic resistance did not seem to be much greater 
than the theoretical static resistance. 
20 After yielding the presence of axial load caused the 
--" 
dynamic resistance to decay to the theoretical static 
resistance for a beam with axial load. 
3. The initial slope of" the dynamic response curve is 
less than the theoretical static slope possibly because 
of" the presence of" stress concentrations and residual 
stresses. 
4. Further investigation is still needed to determine 
more f"ully the fundamental behavior of" the memberso 
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TABLE 1-
SUUUARY OF SECTION PROPERTImS 
OF 4 y 13.0 SECTION 
Y 
r- b .J 
, 
---r 
0 
x - , x -
~- I~" 0 l--.l 
1 
y 
Area. c f b 'II I I 
xx . 11 
AISC 3.82 2.00 3.94 0.25 10.4 3.4 --Values 
Idealized 3.77 2.00 0.375 3.94 0.25 10.4 3.8 Values 
TABLE 2 
SUMMARY OF COUPON RESULTS USED IN THE 
DETERMINATION OF THE IDEALIZED AVERAGE STRESS-STRAIN CURVE 
Specimen Position 
1 
2 
:; 
40XD4u 4 
5 
6 
7 
8 
Average 
1 
2 
; 
4OYD4u 4 
5 
6 
7 
8 
Average 
12:; 
6 
C1 
e 
I 4 
I 5 
7 
ksi 
36.32 
34.88 
:;6.21 
40.64 
40.41 
35.71 
34.95 
;5.94 
;6 .. 87 
;8.30 
32.41 
37.53 
40.;2 
;9.58 
35.45 
33.;0 
35.86 
8 
€ 
e 
in/in 
0.001211 
0.001163 
0.001207 
0.001355 
0.001347 
0.001190 
0.001165 
0.001195 
0.001229 
0.001227 
0.001080 
0.001251 
0.001344 
0.001329 
0.001182 
0.001110 
0.001195 
0.001221 
€sh' 
iri/in 
0.01396 
0.01546 
0.01133 
--_. 
0.01742 
0.01577 
0.01165 
0.01165 
0.01456 
0.015;1 
0.01058 
0.01300 
0.01776 
0.0161; 
0.01318 
0.01278 
-- .. -
0.01411 
TABLE 2 CONTi D 
SUUYARY OF COUPON RESULTS USED IN THE 
DETERMINATION OF THE IDEALIZED AVERAGE STRESS-STRAIN CURVE 
Specimen Position (J E Esh e e 
ksi in/in in/in 
1. ;7.62 0.001224 0.01452 
2 35.86 0.001195 0.01494 
3 ;5.82 0.001194 0.01169 
411D414 4 41.;1 0.001;77 0 .. 01649 
5 39.69 0.001;2; 0.015;7 
6 35.82 0.001194 0.01234 
7 ;3.20 0.001107 .0.01341 
8 35.19 0.001173 0.01215 
I 
Average 36.70 0.00122; 0.01;86 
1 35.76 0.001192 0.01013 
2 35.37 0.001179 0.01575 
; ;6 .. 25 0.001208 0 .. 01451 
41YD4U l~ 40.36 0 .. 001345 0.01965 
5 41.11 0.001370 0.02085 
6 36.01 0.001200 0.01475 
7 ;4.38 0.001146 0.01435 
8 37.42 0.001247 0.01680 
Average 37.08 0.001236 0001585 
Overall 36082 0.001227 0001460 Average 
1 
~IMEN DROP 
NO. 
4oxD4M 
1.12" 
(34.1;K)* 
4J.XD4M . 
4oXD4M 
2=24" 
(330;lK>* 
4J.XD4M 
4oXD4M 
,3-48" 
«29058K)* 
4J..XD4M 
.40XD4M 
4-12" 
(23085K)* 
4lXD4M 
TABLE ; 
COMPARIroN OF TEBrS 4oXD4K 
AND 4lXD4M 
I I 
.6.1 
I ~ I~ I~ 
-' !::i. ' 
e 
in. ino in. 
0 005; 0.5; 1.62 
,0 0.55 0;55 1.68 
0004 0.86 0090 206; 
0004 ' 0.91 0095 '2.78 
.00;4 1050 1.84 4.59 
0.45 1.84 a .. 29 506~ 
1.22 2.15 ;037 6057 
1083 2.6~ 4&50 8017 
* . Indicates average value of thrust in kips. 
~ I IA 
!::i.e' in.-
kips 
1.62 ;.17 
1.68 3.3:2 
2·75 1·91 
2.91 . 8046 
506; 18065 
7,,00 1Q"Bo 
10031 29.60 
13076 2Qo6r; 
! ~: t, 
f 
SPECIMEN 
4oYD4M 
(;3.4}K)* 
41YD4M 
4oYD4M 
(27.crf)* 
4lYD4M 
4oYD4M 
... _ .... 
4oYD4M 
--._. 
DROP 
NOli 
1.6" 
2=12" 
'-24" 
.~48" 
TABLE 4 
COMPARISON OF TFSrS 4oYD4M 
AND 41YD4M 
6 1 '~ ArM ~ ~ 
in. in. in It 
0.00 0.82 0.82 2.47 
0.00 1.02 1.02 ,.07 
0.10 1.26 1936 ;.19 
0.51 2859 3910 7.80 
0.65 2.14- 2·79 6.44 
........ ....... 
---- ----
1·90 3.60 5·50 10.83 
---- ... -.. ~ ----
_,..aID 
r ~. *Ind1cates average value at thrust :1nkips. 
** . This drop produeed failure 011 
~ IA ~. 
in .... 
ki'Ps 
2.47 2e46 
3·07 2.42 
4909 5·29 
ge3} 5·79** 
8.40 ~.J.8 . 
__ tllD_ 
----
16.51 g6975 
__ IIiIiD45IJ 
........ --
~~!.~ .. ~~~:~~.~~~,:;:.-:~..,....--r:' -
TABLE 5 
COMPARISON or TEST RESULTS OF 4aXD1lK W1TlI TlIEOREm:CAL fJlATIC RESPONSE 
THEORETICAL srATIC Y1ELD· DEFLP.mION :Bl 0 .. 327 in. 
DROP Ai ~ 4m IA I.r NO .. "v = C1p C1v=1.1C1p O'v=1.2C1e CJv:a1 .. 30'.0 0'"-1.40'",, 
.. iDe -kins fu. -kins '" in. in· in. in.-killS in.-ki'PS in.-kina lin .. -kins 
1 :::ill 12" 0 0·53 0·53 3.17 3.90 .. _-- ... _-- ---- ----
2 SIt 24- 0.04 0.86 0.90 7.91 7.60 8.24 --... ~ -- ... - ----
:; - 48" 0.34 1.50 1.84 IB.6s 15.45 ---- :17 .. '16 lA Bo ----
4. ~ 72" ~.22 2·:),5 ,.31 29.60 - ........ -qrt--- ---- 28 .. "34 ~"q6 
TABLE 6 
COMPARISON OF TEST RESULTS or 41XD4M WITH THE 'l'lDXm.'ETICAL 
STA.TIC RESPONSE 
DROP AVERAGE Ai IA ~ ~ Irr NO. THRUm 
kips in. in. -kips in. in. in.-kips 
125112" 34.13 0 3.33 0·55 0·55 3 .. 26, 
2 III 24" 33·31 0.04 8.46 0·91 0·95 6.21 
3 .. 48" 29.58 0.45 1-9.80 1.84 2.2'9 14.24 
4;',. 72" 23.85 1.83 29.65 2.67 4.50 22.66 
(') 
ft:l 
,~ 
f-Iotd tlI:: 
<1 J-I <D COo c+ 
~ m t'1 
1-1'0' ~ 
c+ ' CD ~ t?:I H;, 
0' ,~ 
h',) tx:J (I) 
c;; a I:j 
1-1 '_.:. Q 
f-·".· CD 
C 0q 
f../. 
D'J 
DROP 
NO .. 
1 :::II 6" 
2 :till 12" 
2 :311 24ft 
4 - 48" 
.TABLE ,1 
COMPARIsON OF TEST RESULTS oF 49ID4K VlTlI THEORErICAL STATIC RESPONSE 
- - -- - --- - - -- - - - - --
- -
Lli ~: 4m IA I.r ely := C1e r:1v=~·J.r:1e av=1.2~ r:1v=l.3~ C1v=l·4ae 
in. in. in. ~.-kips in. -kiJ;E in-kips in-kips in. -ldpJ in-kips 
0 O.B2 0.82 2.46 3.01 KI:I ___ _ ....... _ .... - .... --
0.10 1.~~ 1.36 5·29 5.67 ---- -.-- .. -a ___ --- ... 
0.65 
1·99 
DROP 
NO., 
]. _ 6" 
2 - 12" 
-
2.14 2·79 11.18 il.21' ---- ...... -- _ .... --
3.60 5·50 26·75 21.98 _ ..... .0 ----- --.,---
TABLE 8 
COMPARISON OF TEST RESULTS OF 41ID4M WITH THE THEX>RErICAL 
STATIC RESPONSE 
AVERAGE fl'1 IA ~ ArK THRUST 
... - ... -
26 .. 08 
I.r 
kips in. in. -kips in. in. in.-kips 
33.43 0 2 .. 42 1.02 1.02 3.38 
27.07 0·51 5 .. 79 2.59 3·10 8.13 
--.~~.:"'-t~:-r:!'!;l 
t1v_=1.5r:1.e 
in-kips 
_ ....... 
....... ~ 
...... -
27.78 
~ 
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FIG. 3 WELDED CONNECTION BErWEEN SPECIMEN AND BEARING BLOCK 
FIG. 4 SIDE VIEW OF END REACTION SYffi'EM 
FIG. 5 END VIEW OF END REACTION SYSTEM 
FIG. 6 END REACTION SYSI'EM, UNLIFT RESTRAINI' BEING PLACED 
FIG. 7 WEST END REACTION SYSTEM WITH AXIAL LOAD PRESENT 
FIG. 8 AXIAL LOAD JACK 
FIG. 9 EASI' END REACTION SYSTEM WITH AXIAL LOAD PRESENT 
FIG. 10 SPRING REACTION FOR AXIAL LOAD SYSTEM 
FIG. 11 AXIAL LOAD TIE ROD SYsrEM 
FIG. 12 AXIAL LOAD DYNfJ.DMETERS 
Culibro.tcd 
Resistors r 
Bridcc supply 
5000 CPS 
rCGulated 
Note 1 
Ha t hmv'T.I.y .MRC 18 
strain meo.surine 
systcm (modified) 
Note 2 ' 
Carrier 
filter 
system 
Huthuway Bl1t-C 
lose illo[7c.ph 
(Hu.t-h •. group 
23 OC-2 each) 
Total of 6 to 8 channels of strain equipment used. (5 for strain 
measurements, 1 for lateral load measurement and ~ for axial load 
measurement, when present.) 
Note 2 
Stando.rd Hnthawuy MRC 18 unit modified to reduce cross-talk 
bet'.1een channels ond to provide currier supply oscill8.tor with 
approximately 0.01% regulation. 
FIG. 13 LOAD AND STRAIN MEASURING CHANNELS 
FIG. 14 SLIDE WIRE D~ION GAGE 
D ___ Bote 1 
C Gage 1 
Gage 2 
Note 1 
Connections to B, C and. D for calibration purposeso }lominal 
vaJ.uesj :B • 0.5"; c l1li 2.0", D -4.o"j Precise vaJ.ues taken from 
gage caJ.ibn.:.tion curveso An is the balance position at zero 
defiection. 
Note 2 
Recording GaJ.vanameters are Hathawq Type OC2 D' Group 23 units 
used in Hatha.~ Sl4-c Magnetic Osc1llographso 
,m. 15 ~IO!l GAGE SISTEM 
Note 1 
G2 
NOTE 1 
G1 
500 CPS 
Hewlett 
Packard 
200 BR 
Oscillator 
( 
120 VAC 
Synchronous Motor 
Potter Inst .. Co. 
Model 830 
Eput Meter 
Gl and G2 are Hathaway OC2 group 23 galvanometers 0 
One galvanometer is located in each Hathaway Sl4-c 
oscillograph .. 
Note 2 
Switch driven at synchronous speeds modulating the 
amplitude of the timing signal with steps every 
0.02 minG and a step omitted once each 0.1 min .. 
FIGo 16 TD{OO AND SYNCHRONIZING TRACES 
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1IG. 17 LOAD-TIME RELATIONSlDP FOR Bl'RONG DIRECTION SPlOOIMENS; 
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,m. 18 LOAD-TIME RELATIONSHIP FOR grRO!~ DIRECTION SP.EX:IMENS; 
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rIG. 19 LOAD-TIME RELATIONSHIPS FOR ST.ROBQ DIRECTIOli SPECIMENS; 
HEIGHT OP DROP • 48 iD. 
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FIG. 21 DEFLECTION-TlUE RESLATIONSHIPS FOR STRONG DIRECTION SPECIMENS; 
HEIGHT OF DROP • 12 in. 
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FIG. 22 DEFLECTION-TIME RELATIONSHIPS FOR STRONG DIRECTION SPBCIYENS; 
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FID. 24 DEFLECTION-TIME RELATIONSHIPS FOR sm01ra D:IR1!rl'ION SPECD'1E.1~S; 
HElDIn' OF DROP a 12 in. 
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FM. 27 LOAD-TDtE RELATIONSHIPS FOR WEAK D~ION BPPX:IMEliSJ 
HEIDHT OF DROP a 6 in. 
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FID. 28 LOAD-TD!E RELATIONSHIPS FOR WEAK D~ON ~IMENSj 
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1m. 29 . DEF.LEC'I'IOB-TDS RELATIONSHIPS FOR WEAK DIltECTIOH SPECIMENS} 
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.,me ~ DEFLECTIOH .... TDm RELATIONSHIPS FOR WEAK DIltECTIDI SPECIMENS) 
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FIG. 32 THEORETICAL MOMENT-FLEXURAL STRAIN CU~VE FOR SPECIMENS TESTED IN THE WEAK 
DIRECTION OF RESISTANCE 
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FIG. 33 THEORETICAL LOAD-DEFLECTION CURVES FOR SPECIMENS LOADED IN THE 
STROm DIRECTION 
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FIG. 34 THEORETICAL LOAD-DEFLECTION CURVES FOR SPECDIENS LOADED IN THE 
DAKDIRECTIOH 
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FIG~ 35 GRAPHIC REPRESENTATION OF DETERMINATION OF THEORETICAL UOMENT-
CENTER DEFLECTION CURVE WHEN THRUST IS PRESENT 
35 
30 
2 5 
2 0 
1 5 
1 r 
5 
o 
o 
Takes account of permanent set / 
if 
II 
II 
II 
\ 
\ 
\ 
Does not take account of permanent set \ \ 
- --f----------------- ------ ______ M _ _ ••• _ ._ \ ---
\ 
\ 
\ 
\\ 
~ 
- , 
-
--. \ 
0.2 0.4 0 .. 6 0.8 1.0 
FIG. 36 ENERGY mPUT VS ~D.S FOR 4oXD4M BASED ON 
TEST RESULTS AND THEORETICAL SfATIC LOAD-DEFLECTION CURVE 
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FIG. 37 QUALITATIVE DYNAMIC RESPONSE CURVE FOR SPECIMEN LOADED 
DYNAMICALLY IN STRONG DIRECTION; THRUST PRESENT 
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FIG. 38 QUALITATIVE DYNAMIC RESPONSE CURVE FOR SPECIMEN LOADED DYNAMICALLY IN 
THE WEAK DIRECTION; THRUST PRESENT 
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